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Abstract
Background & Aims: Non-alcoholic fatty liver disease (NAFLD) and non-alcoholic 
steatohepatitis (NASH) are common clinico-pathological conditions that affect millions 
of patients worldwide. In this study, the efficacy of saroglitazar, a novel PPARα/γ 
agonist, was assessed in models of NAFLD/NASH.
Methods & Results: HepG2 cells treated with palmitic acid (PA;0.75 mM) showed de-
creased expression of various antioxidant biomarkers (SOD1, SOD2, glutathione peroxi-
dase and catalase) and increased expression of inflammatory markers (TNFα, IL1β and 
IL6). These effects were blocked by saroglitazar, pioglitazone and fenofibrate (all tested 
at 10μM concentration). Furthermore, these agents reversed PA-mediated changes in 
mitochondrial dysfunction, ATP production, NFkB phosphorylation and stellate cell acti-
vation in HepG2 and HepG2-LX2 Coculture studies. In mice with choline-deficient high-
fat diet-induced NASH, saroglitazar reduced hepatic steatosis, inflammation, ballooning 
and prevented development of fibrosis. It also reduced serum alanine aminotransferase, 
aspartate aminotransferase and expression of inflammatory and fibrosis biomarkers. In 
this model, the reduction in the overall NAFLD activity score by saroglitazar (3 mg/kg) 
was significantly more prominent than pioglitazone (25 mg/kg) and fenofibrate (100 mg/
kg). Pioglitazone and fenofibrate did not show any improvement in steatosis, but partially 
improved inflammation and liver function. Antifibrotic effect of saroglitazar (4 mg/kg) 
was also observed in carbon tetrachloride-induced fibrosis model.
Conclusions: Saroglitazar, a dual PPARα/γ agonist with predominant PPARα activity, 
shows an overall improvement in NASH. The effects of saroglitazar appear better than 
pure PPARα agonist, fenofibrate and PPARγ agonist pioglitazone.
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1  | INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a progressive liver dis-
ease characterized by significant hepatic lipid deposition (steato-
sis). It affects 33% of the general population and up to 70-75% 
of diabetes and obese patients in Western countries.1,2 According 
to the “multiple hit” hypothesis, the insulin resistance plays a cen-
tral role, by causing increased free fatty acid (FFA) flux to the liver, 
resulting in hepatic steatosis and lipotoxicity.3,4 The cross talk 
between dysfunctional adipocytes and liver involves combination 
of oxidative stress, inflammation, mitochondrial dysfunction and an 
imbalance of cytokines and adipokines, together with steatosis in 
development of lipotoxic liver disease, a term that more accurately 
describes the pathophysiology of non-alcoholic steatohepatitis 
(NASH).4,5 Reactive oxygen species, lipid peroxidation products 
and inflammation causes activation of hepatic stellate cells, leading 
to fibrosis and eventually cirrhosis and hepatocellular carcinoma.3,6 
The lipotoxic liver injury hypothesis4,5 for the pathogenesis of 
NASH suggests that the ideal drug for NASH should reduce the 
burden of fatty acids going to the liver or being synthesized in the 
liver and this can be accomplished either by improving insulin sensi-
tivity at the level of adipose tissue to prevent inappropriate periph-
eral lipolysis and/or by preventing unnecessary de novo lipogenesis 
in the liver.4

Peroxisome proliferator-activated receptors (PPARs) are nuclear 
receptors that play key roles in the regulation of metabolic homoeo-
stasis, inflammation, cellular growth and differentiation.7 The im-
portance of dual PPARα and PPARγ agonists for the treatment of 
hypertriglyceridaemia and insulin resistance, respectively, is well es-
tablished, but their role in the improvement of NAFLD/NASH remains 
unclear. In the liver, PPARα is expressed at high levels in hepatocytes 
and plays a major role in regulating fatty acid (FA) transport and β-
oxidation.8 PPARα also modulates inflammatory genes.9 A protective 
role for PPARα against liver steatosis and inflammation in NASH has 
been suggested based on increased susceptibility of PPARα-knock 
out (KO) mice to NASH.8 PPARγ agonists are strong insulin sensitiz-
ers. They regulate glucose and lipid metabolism10 and have prominent 
anti-inflammatory activity. They prevent hepatic fibrogenesis in the 
liver by inhibiting the activation of hepatic stellate cells, which plays a 
key role in early phase of liver fibrosis.11 Clinical studies with PPARγ 
in patients with NASH demonstrated improvements in insulin resis-
tance and liver enzymes but showed variable effects on histological 
NASH features.12,13

In the light of the established beneficial roles of PPARα and γ in 
NAFLD and NASH, it is hypothesized that combined effect of PPARα 
and PPARγ agonism may provide better management of the biological 
factors responsible for disease. Saroglitazar is a potent dual PPARα/γ 
agonist with EC50 of 0.65pM and 3 nM for PPARα and PPARγ acti-
vation respectively.14 Saroglitazar is a full agonist for PPARα and γ, 
but analysis of dose-response curve indicated that at a concentration 
where it causes full PPARα activation, it may causes only partial PPARγ 
activation. Perhaps, because of this property, while showing desirable 
lipid-lowering and insulin sensitivity effects, saroglitazar was devoid 

of typical PPARγ-mediated side effects.14,15 In the view of its interest-
ing safety and efficacy profile, saroglitazar was evaluated in various in 
vitro and in vivo models of NAFLD and NASH.

2  | MATERIALS AND METHODS

2.1 | Chemicals

Saroglitazar (Figure S1), pioglitazone and fenofibrate were synthe-
sized by Cadila Healthcare Limited, Ahmedabad, India.

2.2 | Cell lines and treatments

HepG2 cells were maintained in DMEM supplemented with 10% 
FBS and 100 U/mL penicillin/streptomycin (Invitrogen Carlsbad, 
CA, USA). Human hepatic stellate LX2 cells were maintained in 
DMEM with 5% FBS. The cells were maintained at 37°C and 5% 
CO2. Palmitate (PA, Sigma-Aldrich) was conjugated to BSA prior to 
use in serum-starved cells. For coculture experiments, HepG2 and 
LX2 were plated on inserts (0.4-μm pore size, Corning, USA) and 
on the bottom plate at a ratio of 5:1 respectively. The two differ-
ent cell populations were cocultured for 72 hours and harvested 
for downstream experiments. Cells were treated with saroglitazar, 
fenofibrate, pioglitazone (all treated at 10 μM concentration) and PA 
(0.75 mM) for 16 hours.

RNA and protein were isolated using the methods described in 
Supplementary Material Annexure I. The primer pair sequences used 
for Real-Time PCR Reactions for in vitro studies are listed in Table S1-
A. The relative gene expression of fibrosis markers was quantified by 
qPCR from the mRNA obtained from HepG2-LX2 cells cocultured and 
18S rRNA was used as housekeeping gene. Isolated proteins were sub-
jected to immunoblotting with antibodies specific for anti-pNFkB and 
total NFkB (Cell Signaling Technology; dilution 1:1000). Densitometric 
analysis of the bands was performed by ImageJ software.

Key Points
•	 NAFLD & NASH are multifaceted conditions. The ideal 

drug for managing these conditions is expected to display 
beneficial effects on insulin resistance, steatosis, inflam-
mation, oxidative stress, mitochondrial dysfunction and 
fibrosis.

•	 Beneficial roles of PPARα and γ in NAFLD and NASH are 
not clear.

•	 Saroglitazar, a dual PPARα/γ agonist demonstrated anti-
steatotic, anti-inflammatory effects along with alleviation 
of oxidative stress, mitochondrial dysfunction and 
fibrosis.

•	 Unique modulation of various biochemical mediators may 
be responsible for overall improvement in NAFLD & 
NASH by saroglitazar.
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For Mito stress assay and assessment of reactive oxygen species 
(ROS), HepG2 cells were plated at a density of 35,000 cells/well in 
XFe24-well plates (Seahorse Biosciences). The oxygen consumption 
rate (OCR) was measured according to the manufacturer’s protocol. 
Oligomycin (2M), FCCP (2M), rotenone (1M) and antimycin A (1M) 
were used as inhibitors of different mitochondrial respiratory com-
plexes in all wells. For the assessment of ROS generation, HepG2 
cells were stained with dichlorodihydrofluorescein diacetate (DCFDA) 
(5 M) followed by washing in PBS. The harvested cells were suspended 
in PBS for detection by flow cytometry (BD Biosciences).

For assessment of stellate cell activation, LX2 cells were fixed in 
3.7% paraformaldehyde. After PBS washing, cells were stained with 
phalloidin (1:500) and subsequently stained with DAPI for 45 minutes 
followed by observation via a Olympus Fluoview Confocal microscopy 
(Tokyo, Japan).

2.3 | Animal experiments

The choline-deficient, L-amino acid-defined, high-fat diet (CDAHFD) 
model mimics human NASH by sequentially producing steatohepa-
titis, liver fibrosis and liver cancer without body weight loss.16 Male 
C57BL/6 mice were housed in individually ventilated cages and 
maintained on a standard laboratory rodent diet, and were given 
CDAHFD (60 kcal% fat, Product #A06071302, from Research Diet, 
New Brunswick, NJ, USA, detail diet composition given in Table S4,) 
at 6 weeks of age for 20 weeks.

All animal experiment protocols were approved by Institutional 
Animal Ethics Committee of Zydus Research Centre. The efficacy of 
saroglitazar (3 mg/kg) was compared with a pure PPARα agonist, feno-
fibrate (100 mg/kg) and PPARγ agonist pioglitazone (30 mg/kg) and a 
vehicle control group (n = 9/gp). The treatment was initiated 8 weeks 
after initiation of the CDAHFD diet, when liver steatosis and inflam-
mation were established, and fibrosis had begun to develop and treat-
ment was continued for 12 week duration by oral gavage once daily.

To assess the antifibrotic effect of saroglitazar, fibrosis was induced 
in rats by twice weekly intraperitoneal carbon tetrachloride (CCl4) in-
jections for 2 weeks before treatment and subsequent 4 weeks after 
treatment initiation. Saroglitazar (0.4 and 4 mg/kg), pioglitazone 
(10 mg/kg), fenofibrate (100 mg/kg) or vehicle (Tween 80 and 0.5% 
sodium salt of carboxymethylcellulose at ratio of 0.5:99.5) was orally 
administered (n = 8/gp).

The tissue distribution of saroglitazar was examined at Tmax and 
24 hours post treatments in independent experiments performed in 

six male and six female Wistar rats after a single oral administration 
of saroglitazar (30 mg/kg). The levels of saroglitazar were estimated 
using LCMS-based method. All interventions occurred during the light 
cycle and more details are described in Data S1.

2.4 | Biochemical analysis

Serum alanine aminotransferase (ALT), aspartate aminotransferase 
(AST) and triglyceride (TG) levels were determined using commercial 
kits on a Cobas c311 autoanalyzer (Roche Diagnostics, Germany). The 
serum levels of monocyte chemoattractant protein1 (MCP1) were 
measured using a commercial Quantikine ELISA Kit supplied by R&D 
Systems, Inc., USA. Total liver lipids were extracted, and hepatic TG 
and total cholesterol (TC) content was quantified using triglyceride 
and total cholesterol test kits from Agappe Diagnostics, India. The 
liver TNFα, malondialdehyde (MDA) and collagen content levels were 
measured in tissue homogenates using BD OptEIA Mouse TNF ELISA 
kit (BD Biosciences, USA), QuantiChrom TBARS Assay Kit (BioAssays 
Systems Inc, USA) and total collagen assay kit (QuickZyme Biosciences, 
The Netherlands) respectively; more details are described in Data S1.

2.5 | Histological assessment

Light microscopic examination of liver tissue was performed using 
standard hematoxylin and eosin (H&E) staining. Hepatic fibrosis was 
assessed using Masson’s trichrome staining. Kupffer cells laden with 
lipid and/or glycogen droplets and resistant to diastase were visualized 
in liver with PAS-diastase stain. Fat deposition was confirmed using 
Oil red O staining on freshly collected liver. Specimens were scored 
for the severity of hepatocellular steatosis, ballooning, inflammation 
and fibrosis according to the scoring method described by Kleiner et 
al17 and Brunt et al.18 Briefly, hepatocellular steatosis (grade 0: no fat; 
grade 1: steatosis occupying <33% of the hepatic parenchyma; grade 
2: 34%-66%; grade 3: more than 66%). Inflammatory cell infiltration 
(grade 0: none; grade 1: 1-2 foci per 200× field; grade 2: 3-4 foci per 
200× field; grade 3: more than 4 foci per 200× field). Hepatocellular 
ballooning (grade 0: none; grade 1: few balloon cells; grade 2: many 
balloon cells). Staging of hepatic fibrosis (stage 0: none; stage 1: mild 
perisinusoidal or periportal; stage 2: moderate perisinusoidal or peripor-
tal; stage 3: bridging fibrosis; stage 4: cirrhosis). Histology analysis was 
performed by an experienced board certified pathologist (Diplomat of 
Indian Board of Toxicologic Pathology) and peer reviewed by a senior 
pathologist, a Diplomat of Indian College of Veterinary Pathologists.

F IGURE  1 Lipid-mediated oxidative stress, inflammation and impaired mitochondrial biogenesis can be rectified upon saroglitazar treatment. 
Results of cell viability in HepG2 cells treated with PA (0.75 mM) and various treatments for 16 h followed by MTT assay (A). The effect on 
mRNA levels of genes related to inflammation, mitochondrial biogenesis and antioxidants were measured using qPCR (B1, B2, B3). The cells 
were seeded into 60 mm dishes for flow cytometric analysis using the DCFDA dye specific for ROS generation (C). Immunoblotting was 
performed using phosphorylated and total NFkB and densitometric analysis was performed using ImageJ software (D). HepG2 cells were treated 
with PA (0.75 mM) and various treatments followed by measurement of oxygen consumption rate under basal respiratory conditions (E). The 
data were further used to calculate ATP production rate (F). Data are mean ± SEM. #P < .05 and ##P < .001 in comparison to control, *P < .05 
and **P < .001 were considered significant in comparison to PA-group. CAT, catalase; GPX, glutathione peroxidase; IL, Interleukin; MFN-2, 
Mitofusin-2; NFKB, nuclear factor kappa-light-chain-enhancer of activated B cells; NRF-1, Nuclear respiratory factor 1; OPA, optic atrophy; 
SOD1, superoxide dismutase 1; TNFα, tumour necrosis factor α
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Total NASH score was calculated by summation of all scores for 
the severity of hepatocellular steatosis, ballooning, inflammation and 
fibrosis by H&E staining for individual animals and then group mean ± 
SEM was calculated and effect of treatment was evaluated.

2.6 | Gene expression analysis

The expression of various genes was measured using Quantitative PCR 
(qPCR). The primer pair sequences used for real-time PCR reactions 
for in vivo studies are listed in Table S1-B and detail of procedures 

followed up for RNA isolation, cDNA synthesis and Quantitative PCR 
(qPCR) are described in Data S1.

2.7 | Statistical analysis

In vitro experiment was performed at least three times in duplicate and 
data were analysed by one-way analysis of variance (ANOVA) followed 
by the post hoc test of Holm Sidak. # P < .05 and ## P < .001 indicates 
significant difference in comparison to control; *P < .05 and **P < .001 
were considered significant in comparison to PA-group. For in vivo 

F IGURE  2 Saroglitazar prevents 
the activation of hepatic stellate cells 
induced by the release of soluble factors 
by PA-treated hepatocytes. The relative 
gene expression of fibrosis markers was 
quantified by qPCR from the mRNA 
obtained from HepG2-LX2 cells coculture 
experiment (A). Phalloidin staining was 
performed in LX2 cells to assess the 
reorganization of actin cytoskeletal fibres. 
The images were observed under confocal 
microscope (B). Scale bar: 20 μm. Data 
are mean ± SEM. #P < .05 and ##P < .001 
in comparison to control, *P < .05 and 
**P < .001 were considered significant in 
comparison to PA-group

(A)

(B)



     |  1089JAIN et al.

studies also data were analysed by ANOVA followed by the post hoc test 
of Holm Sidak. # indicates significant difference in control diet (Normal 
control) group vs Disease control, *P < .05; **P < .01 indicates significant 
difference vs CDAHFD + Vehicle Control (disease control) in test com-
pound. All data are mean ± SEM. All data analysis was performed using 
GraphPad Prism software (GraphPad La Jolla California USA).

3  | RESULTS

3.1 | Saroglitazar treatment improves hepatocyte 
cell viability and rectifies lipid-mediated oxidative 
stress, inflammation and impaired mitochondrial 
biogenesis

HepG2 cells were treated with saroglitazar, fenofibrate, pioglitazone 
(10 μM) for 16 hours in the presence of PA. The PA caused decreased 
cellular viability which was significantly normalized by saroglitazar 
treatment but not with other drugs (Figure 1A). The PA-mediated 
decreased expression of various antioxidant genes along with its 
transcription factor, NRF1, was restored by saroglitazar treatment 
(Figure 1B1-B2). Furthermore, saroglitazar blocked PA-mediated ROS 
generation as revealed by DCFDA staining (Figure 1C). Lipid-induced 

oxidative stress was reflected by impaired mitochondrial biogenesis 
revealed by the expression of different genes involved in fission/
fusion, the activation of phosphorylation of NFkB and the overex-
pression of inflammatory markers. These effects were blocked by 
saroglitazar treatment (Figure 1B3,D). PA-induced mitochondrial fis-
sion led to reduced respiratory potential in mitochondria followed 
by reduced ATP production. Saroglitazar rescued the mitochondrial 
basal respiratory potential and improved the ATP production rate 
(Figure 1E-F). Interestingly pioglitazone and fenofibrate also were 
found to prevent toxic effects of PA, but overall beneficial effects 
of saroglitazar on cell viability, mitochondrial biogenesis makers and 
anti-inflammatory genes were significantly better than pioglitazone 
and was more largely comparable to fenofibrate.

3.2 | Saroglitazar prevents the activation of stellate 
cells by abrogating the release of inflammatory factors 
from PA-treated hepatocytes

PA-treated HepG2 cells (hepatocytes) were cocultured with LX2 (stel-
late cells), and the induction of gene expression of different fibrosis 
markers was measured by qPCR. PA-mediated induction of fibrotic 
genes in stellate cells upon coculture with HepG2 cells was rescued 

TABLE  1 Effect of Saroglitazar on Serum and Hepatic Biochemistry, Liver and Adipose tissue and Body Weights C57BL/6 Mice Following 
12 wk of Treatment

Parameters
Control diet for 
CDAHFD-Vehicle

CDAHFD-Vehicle 
Control

CDAHFD-Saroglitazar  
(3 mg/kg, p.o.)

CDAHFD-
Pioglitazone  
(30 mg/kg, p.o.)

CDAHFD-
Fenofibrate  
(100 mg/kg, p.o.)

Serum

Serum ALT (U/L) 33.0 ± 8.6# 287.6 ± 24.6 115.8 ± 18.2** 202.9 ± 16.5** 93.4 ± 7.8**

Serum AST (U/L) 68.9 ± 8.7# 230.7 ± 16.5 132.6 ± 14.4** 230.0 ± 21.5 98.1 ± 7.2**

Serum MCP1(pg/mL) 70.6 ± 6.8# 273.2 ± 12.4 149.5 ± 13.1** 189.6 ± 19.1** 130.3 ± 8.0**

Serum TG (mg/dL) 85.6 ± 7.0# 60.2 ± 2.8 31.4 ± 4.2** 66.0 ± 8.4 36.6 ± 3.9**

Liver

Liver TG (mg/gm of 
tissue)

32.4 ± 4.9# 65.4 ± 9.0 13.7 ± 1.3** 58.9 ± 11.0 59.3 ± 11.1

Liver TC (mg/gm of 
tissue)

5.0 ± 1.1# 13.1 ± 2.3 2.9 ± 0 .8** 8.2 ± 1.9 8.9 ± 1.6

Liver total collagen 
(μg/gm of tissue)

347.5 ± 32.7# 1343.0 ± 118.8 787.0 ± 100.3** 1105.7 ± 87.5 727.5 ± 67.9**

Liver MDA (μM/gm of 
tissue)

42.7 ± 1.1# 86.7 ± 8.6 26.5 ± 1.7** 42.3 ± 3.4** 28.4 ± 1.3**

Liver TNFα (pg/gm of 
tissue)

37658.3 ± 2956.7# 64589.8 ± 3214.0 41884.9 ± 4149.5* 46563.0 ± 6074.4* 54802.1 ± 7544.3

Relative wt. of liver 0.037 ± 0.005# 0.060 ± 0.001 0.074 ± 0.002* 0.051 ± 0.001 0.080 ± .007*

Relative wt. of 
epididymal fat

0.016 ± 0.003# 0.008 ± .0001 0.011 ± 0.001 0.011 ± 0.001 0.008 ± 0.001

Body weight (gm) 34.6 ± 0.8# 25.1 ± 0.6 22.7 ± 0.5 25.4 ± 0.5 22.4 ± 1.2*

In this study, NASH was produced by feeding a CDAHF diet for 8 wk followed by the administration of a CDAHF diet for an additional 12 wk together with 
saroglitazar (3 mg/kg), pioglitazone (30 mg/kg. p.o.), fenofibrate (100 mg/kg) or vehicle treatment. Values are expressed as the means ± SEM of serum 
levels of various NASH biomarkers (n = 9).
*P < .05; **P < .01 vs CDAHFD + Vehicle Control (disease control).
#indicates control diet (Normal control) significance vs Disease control, P < .05.
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upon saroglitazar and other drugs (Figure 2A). Saroglitazar abrogated 
the formation of stress fibres in activated stellate cells as assessed 
by actin cytoskeletal reorganization by phalloidin staining more effec-
tively than other drugs (Figure 2B).

3.3 | Saroglitazar displays liver-selective tissue 
distribution after oral administration

The tissue distribution of saroglitazar was determined in rats after 
a single oral administration. Blood and major organs were collected, 
and drug levels were measured. High concentrations of saroglitazar 
were measured in the liver at both the Tmax (0.67 hour) and 24-hour 
time points (Table S2). At Tmax, the mean liver to plasma ratio was 
4.40 for males and 4.99 for females. For the rest of the studied 
tissues, the ratio (tissue to plasma) was less than 1.0. The 24-hour 
samples also revealed drug concentrations with the potential for sus-
tained effects.

3.4 | Saroglitazar reverses CDAHFD-induced NASH 
in C57BL/6 mice

The C57BL/6 mice that were maintained on CDAHFD for 8 weeks 
were treated with Saroglitazar (3 mg/kg) or fenofibrate (100 mg/kg) 
or pioglitazone (30 mg/kg) or vehicle for the 12 following weeks. At 
the end of 20 weeks, the disease control animals that were fed only 
CDAHFD exhibited increases in serum ALT, AST and MCP1 levels of 
8.7, 3.3 and 3.8-fold, respectively, compared with those of animals 
fed a normal control diet (Table 1). These changes were accompanied 
by two- to three-fold increases in intrahepatic lipid (TG, TC) levels 
and four-fold increase in liver collagen content and two-fold increase 
in liver malondialdehyde levels (Table 1). The microscopic examina-
tion of liver tissue demonstrated hepatocellular steatosis (grade 2-3), 
hepatocyte ballooning (grade 1-2), inflammation (grade 3) and mild-to-
moderate (stage-2-3) perisinusoidal or periportal fibrosis (Figure 3A). 
These findings were confirmed by Oil red O staining (grade 3 stea-
tosis, Figure 3B), Masson’s trichrome staining (stage 1-2 fibrosis, 
Figure 3C) and PAS-diastase staining (grade 3 presence of Kupffer 
cells, Figure 3D) respectively.

The mice treated with saroglitazar (3 mg/kg) for 12 weeks after 
8 weeks of CDAHFD feeding exhibited significant reductions in 
serum markers of liver damage and inflammation, serum ALT (60%), 
AST (43%) and MCP1 (45%) levels compared with those of the un-
treated (CDAHFD-fed) disease control animals (Table 1). Liver lipid 
(TG) accumulation and collagen content were also significantly 
(79% and 41% respectively) attenuated by saroglitazar treatment 
(Table 1). Saroglitazar also showed the reduction in liver TNFα levels. 
Fenofibrate treatment (100 mg/kg) also showed reductions in serum 
ALT, AST and MCP1, liver collagen content and MDA levels but there 
was no effect on TNFα levels of liver, whereas pioglitazone treat-
ment showed reductions in serum ALT, MCP1 levels and liver MDA 
and TNFα levels but there was no effect on collagen content of liver; 
however, the elevated liver lipids were not affected by either piogli-
tazone or fenofibrate treatment.

Saroglitazar has predominant PPARα activity, which explains the 
well-known and rodent-specific increase in liver weight observed in 
saroglitazar- and fenofibrate-treated mice but not in pioglitazone-
treated animals. On the other hand, the epididymal fat mass increase, 
which is a PPARγ-mediated effect, was observed in saroglitazar- and 
pioglitazone-treated mice but not in fenofibrate-treated animals.

Microscopic examination of the liver sections after H&E staining 
revealed that saroglitazar (3 mg/kg) induced reversal of hepatic ste-
atosis, reduced or no vacuolation and ballooning and there was sig-
nificant reduction in the severity of inflammation (Figure 3A). Special 
stains for fat (Oil Red O, Figure 3B), fibrosis (Masson’s trichrome, 
Figure 3C) and Kupffer cell accumulation (PAS-diastase, Figure 3D) 
also indicated that saroglitazar causes reversal of fat accumulation 
and significant reduction in inflammation as shown by reduction in 
the number of macrophages (Kupffer cells) in the liver and there was 
trend of reversal of fibrosis. Fenofibrate and pioglitazone treatment 
also showed significant reduction in inflammation but there was no ef-
fect on liver lipid accumulations and fibrosis scores. Overall saroglita-
zar showed 78% reduction in total NASH score, whereas pioglitazone 
and fenofibrate showed 22 and 54% reduction in total NASH scores 
respectively (Table 2).

The gene expression analysis revealed that CDAHFD up-regulated 
the hepatic expression of pro-inflammatory genes, such as TNFα, 
MCP1 and fibrogenic genes, such as COL1A1, MMP9, TIMP1 and 
αSMA (Figure 4). The overexpression of these pro-inflammatory and 
fibrogenic genes was reversed by saroglitazar (3 mg/kg/d) treatment 
(Figure 4). Furthermore, the hepatic mRNA levels of connective tissue 
growth factor (CTFG), which promotes fibrosis by stimulating fibro-
blast proliferation and the expression of extracellular matrix compo-
nents, was increased after CDAHFD feeding. Importantly, saroglitazar 
also caused reversal of CTGF mRNA levels (Figure 4). Fenofibrate also 
showed reversal of mRNA expression similar to saroglitazar but piogl-
itazone did not show any reversal in fibrogenic genes like COL1A1 
and CTGF. Together, these results provide evidence that saroglitazar 
reverses CDAHFD-induced NASH in mouse model.

3.5 | Saroglitazar reverses CCl4-induced liver fibrosis 
in Sprague-Dawley rats

The haemotoxylin & Eosin and Masson’s Trichrome-stained liver tis-
sues of saroglitazar-treated animals (Figure 5) revealed that sarogl-
itazar protected Sprague-Dawley rats from CCl4-induced fibrosis after 
4 weeks of treatment and exhibited a dose-dependent reversal of 
CCl4-induced liver fibrosis (Table S3) (Figure 5), which was not shown 
by fenofibrate and pioglitazone treatment.

4  | DISCUSSION

Since NAFLD and NASH are multifaceted conditions, the ideal drug 
for managing these conditions is expected to display beneficial effects 
on insulin resistance, steatosis, inflammation, oxidative stress, mito-
chondrial dysfunction and fibrosis. Since, PPARα and PPARγ receptors 
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are involved in regulation of all these attributes it is not surprising that 
saroglitazar, a dual PPAR agonist showed an overall improvement in 
NASH Score in CDAHFD-induced NASH model and results are cor-
related with in vitro observations.

The major biochemical event in NAFLD is the accumulation of 
triglycerides in hepatocytes.6 PPARs are key regulators of lipid ho-
moeostasis.5 PPARα expression in the liver is primarily observed in 
hepatocytes, where its activation is expected to prevent steatosis and 
steatohepatitis by inhibiting intrahepatic lipid and lipoperoxide ac-
cumulation.8,9 On the other hand, PPARγ is predominantly observed 
in adipocytes, where its activation increases insulin sensitivity,19 and 
thereby decreasing FA flux to the liver.19 As revealed by Oil Red O 
staining and liver lipid levels, dual PPARα and PPARγ agonism by 
saroglitazar caused a very strong antisteatotic effect, which was re-
flected by disappearance of lipid droplets in liver tissue. This effect was 

not seen with fenofibrate, a PPARα agonist, or pioglitazone, a PPARγ 
agonist, treatment, indicating that both PPARα and PPARγ activation 
may be necessary for a strong antisteatotic effect of saroglitazar. A 
recent report revealed that saroglitazar caused a significant lowering 
of ingested lipids in the circulation accompanied by increased flux of 
lipids in adipocytes in Zucker fa/fa rats.20 In this study, fenofibrate was 
found to cause increased levels of ingested lipids, suggesting that sa-
roglitazar differentially regulates lipid metabolism in insulin-resistant 
Zucker fatty rats.

Several lines of evidence suggest that impaired mitochondrial 
function is a central abnormality responsible for the progression from 
simple steatosis to steatohepatitis in NAFLD.21 The results of in vitro 
study in HepG2 cells indicated that saroglitazar could recover the mi-
tochondrial bioenergetics potential at both basal and stressed con-
ditions and improved the ATP production rate. It is well known that 

F IGURE  3 Effect of saroglitazar, fenofibrate and pioglitazone on liver histology in a CDAHFD-induced NASH model. Representative liver 
sections e stained with hematoxylin-eosin (A), Oil red O (B), Masson’s trichrome (C) and PAS-diastase (D)
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excessive ROS generation can induce phosphorylation of NFkB, which 
in turn migrates to the nucleus to increase the transcription of pro-
inflammatory cytokines. These pro-inflammatory cytokines in turn can 
activate hepatic stellate cells, causing the increased collagen depo-
sition that initiates fibrogenesis.21 Saroglitazar treatment improved 
hepatocyte cell viability, rectified lipid-mediated oxidative stress, 

reduced inflammation and prevented the activation of stellate cells 
by abrogating the release of inflammatory factors. Furthermore, in 
vitro results revealed that saroglitazar reduces the expression of pro-
inflammatory (TNFα, IL1β and IL6) and profibrogenic (MCP1, TGFβ, 
COL1A1 and αSMA) genes in HSC. As revealed by phalloidin staining, 
saroglitazar prevented the activation of HSC from quiescent to highly 

F IGURE  4 Effect of saroglitazar, fenofibrate and pioglitazone on hepatic mRNA levels in CDAHFD-induced NASH model. Hepatic mRNA 
levels were determined using SYBR Green quantitative real-time polymerase chain reaction and normalized to β-actin mRNA expression. The 
data are expressed as the fold change vs the Control diet for CDAHFD-Vehicle. Values are expressed as the means ± SEM (n = 6). #P < .05 vs 
control diet-vehicle-treated group, *P < .05 and **P < .01 vs CDAHFD vehicle-treated group. Col1α1, collagen type I, alpha 1; CTGF, connective 
tissue growth factor; MCP-1, monocyte chemotactic protein-1; MMP9, matrix metallopeptidase 9; TIMP, tissue inhibitor of metalloproteinase; 
TNFα, tumour necrosis factor α; αSMA, alpha smooth muscle actin

TABLE  2 Effect of 8 wk of Treatment with Saroglitazar on the Severity of Hepatic Steatosis, Ballooning, Inflammation and Fibrosis in 
CDAHF-fed C57BL/6 Mice Maintained on this Diet for 8 wk Prior to the Initiation of Treatment

Parameters
Control diet for 
CDAHFD-Vehicle

CDAHFD-Vehicle 
Control

CDAHFD-Saroglitazar 
(3 mg/kg, p.o.)

CDAHFD-Pioglitazone 
(30 mg/kg, p.o.)

CDAHFD-
Fenofibrate 
(100 mg/kg, p.o.)

Steatosis 0.0 ± 0.0# 2.6 ± 0.2 0.0 ± 0.0** 2.1 ± 0.4 1.3 ± 0.3**

Ballooning 0.0 ± 0.0# 1.4 ± 0.2 0.0 ± 0.0** 0.8 ± 0.3* 0.1 ± 0.1**

Inflammation 0.0 ± 0.0# 3.0 ± 0.0 1.1 ± 0.1** 2.3 ± 0.2** 1.2 ± 0.1**

Fibrosis 0.0 ± 0.0# 1.0 ± 0.0 0.7 ± 0.2 1.0 ± 0.0 1.0 ± 0.0

Masson’s 
trichrome 
staining (CT)

0.0 ± 0.0# 1.2 ± 0.1 1.0 ± 0.0 1.1 ± 0.1 1.0 ± 0.0

Diastase-PAS 
(Kupffer cell 
proliferation)

0.0 ± 0.0# 3.0 ± 0.0 1.1 ± 0.1** 2.3 ± 0.2** 1.2 ± 0.1**

Oil Red O (Fat) 0.3 ± 0.2# 2.8 ± 0.4 0.8 ± 0.1** 2.2 ± 0.3 3.0 ± 0.4

Total NASH 
Score

0.0 ± 0.0# 8.0 ± 0.29 1.8 ± 0.2** 6.2 ± 0.7** 3.7 ± 0.5**

Liver histology slides were scored following the method described by Kleiner et al 17 and Brunt et al18 as detailed in the Materials and Methods. Scoring for 
steatosis, ballooning, inflammation and fibrosis was performed after H&E staining. Liver fibrosis, fat accumulation and Kupffer cell proliferation were evalu-
ated using Masson’s Trichrome, Oil Red O and PAS-Diastase staining respectively. Values are expressed as the means ± SEM of the histological evaluation 
scores (n = 9).
*P < .05; **P < .01 vs CDAHFD + Vehicle Control (Disease control) group.
#indicates control diet (Normal control) significance vs Disease control, P < .05.
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proliferative and fibrogenic cells. Anti-inflammatory and antifibrotic 
effects of saroglitazar were also observed in the in vivo studies, where 
the levels of TNFα, MMP9, MCP1, TIMP1, COL1A1, CTFG and αSMA 
were significantly reduced. These changes were accompanied by im-
provements in histology scores in both the CDAHFD and CCl4 mod-
els. Importantly, the dual agonist saroglitazar demonstrated marked 
improvement in CDAHFD-induced NAFLD/NASH and the effects are 
more pronounced as compared to a pure PPARα agonist, fenofibrate 
or pure PPARγ agonist pioglitazone.

In vitro studies revealed that saroglitazar, pioglitazone and fenofi-
brate also showed anti-inflammatory and antifibrotic effect, however, 
in animal model saroglitazar showed significantly higher reduction in 
NASH score and reversal of fibrosis. In animal model, pioglitazone 
and fenofibrate treatments caused improvements in some of the bio-
chemical parameters of NASH; there was no significant effect of these 
agents on steatosis. In the light of the absence of an overall benefit of 
either pioglitazone or fenofibrate, saroglitazar’ s efficacy in NAFLD/
NASH could be because of a combination of PPARα- and PPARγ-
mediated actions. It is likely that saroglitazar, which has high distribu-
tion in liver, may cause strong liver-mediated effects.

While PPARα agonists are known to play a key role in lipid ho-
moeostasis, they also decrease the expression of fibrotic markers and 
reduce the number of stellate cells.9 Support for the involvement of 
PPARα in NASH comes from the demonstration of increased suscep-
tibility of PPARα−/− mice to NASH.8 Furthermore, PPARα activation 
reduces inflammation10,22 by several mechanisms that may contrib-
ute to saroglitazar-induced recovery from steatohepatitis. Additional 

PPARγ-mediated effects of saroglitazar on hepatic lipid accumulation 
and FA uptake potentially resulted in robust and significantly better 
effects on hepatic steatosis biomarkers compared to pioglitazone. 
PPARγ is expressed in macrophages, such as Kupffer cells, where it 
displays anti-inflammatory effects.23

It is not surprising that pioglitazone and fenofibrate demonstrated 
only minimal improvements in NASH in our experiments because both 
PPARα and PPARγ modulate certain components of NASH pathophys-
iology. In contrast, saroglitazar improved all biomarkers as well as liver 
histology either because of combined PPARα- and PPARγ-mediated 
effects or because of distinct regulation of transcription factors and 
target genes by unique engagement of PPAR co-activators and core-
pressors.24 In the tissue distribution study, saroglitazar was found to 
be preferentially distributed in the liver, which may further explain the 
robust effect of saroglitazar on the liver. Our findings are also sup-
ported by telmisartan studies, an angiotensin receptor blocker which 
has shown a partial PPARγ activation and a PPARα agonistic activ-
ity in liver, improves non-alcoholic steatohepatitis in medaka NASH 
model.25

Studies performed with marketed PPARα agonists have demon-
strated inconsistent effects on NAFLD/NASH. The PPARα agonist 
gemfibrozil has a favourable effect on liver enzymes, but fenofibrate 
showed variable results in several clinical trials.26 The potential of 
PPARδ in NAFLD/NASH is also not clear. It is reported that adenovirus-
mediated hepatic PPARδ overexpression has been shown to activate 
de novo lipogenesis and subsequent lipid deposition.27 Similarly, the 
PPARδ agonist GW501516, enhanced the fibrotic response.28

F IGURE  5 Effect of saroglitazar, pioglitazone and fenofibrate on CCl4-induced liver fibrosis in Sprague-Dawley rats as revealed by Masson’s 
trichrome staining. The Masson’s trichrome-stained liver sections of animals treated with olive oil alone showed normal liver architecture (A). SD 
rats administered CCl4 for 6 wk exhibited grade 2-3 fibrosis (B). Saroglitazar (4 mg/kg)-treated animals revealed a complete reversal of fibrosis 
(D). Pioglitazone (10 mg/kg, E) and the lower dose of saroglitazar (0.4 mg/kg, C) exhibited a lesser degree of improved fibrosis. Fenofibrate at 
100 mg/kg (F) was found to be ineffective. Arrow indicates the areas of fibrosis
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Since saroglitazar showed overall beneficial effects in the manage-
ment of NAFLD and NASH in this study, it is likely that dual PPARα/γ 
agonism may be required for the treatment of NASH. It has been re-
ported that saroglitazar has shown significant decrease in ALT levels in 
subjects with NAFLD and biopsy-proven NASH.29 This study provides 
evidence in favour of saroglitazar as a candidate molecule for the man-
agement of NAFLD/NASH as it was found to improve all of the com-
ponents that are responsible for these conditions.
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